A solid immersion lens is combined with various aperture shapes in order to improve resolution. Both metallic and dielectric apertures are investigated, and optimum shapes for each are determined. Fabrication techniques for each type of combination probe are discussed and implemented, and a simple experiment with a dielectric combination probe scanning a reflective grating demonstrates improved resolution compared to a solid immersion lens alone.
Introduction
Two techniques used to reduce spot size in optical recorders are solid immersion lens (SIL) systems and aperture probes. In SIL systems, an auxiliary lens is placed in near contact with the recoding layer. With aperture systems, light is forced through a hole that is smaller than the light spot illuminating it. SIL systems, while offering substantially improved spot size, do not have the resolution observed from aperture probes. However, aperture probes suffer from low signal-tonoise ratio. This paper presents a new idea based on the combination of a SIL and an aperture probe. The combination probe displays performance characteristics beyond those observed when the techniques are used separately.
The SIL was introduced by Mansfield and Kino 1) in 1990 for use in high-resolution microscopy. In 1994, Terris 2) et al. introduced the SIL for optical recording. The basic SIL system is shown in Fig. 1 . Light from a laser is focused on the recording layer by an objective lens. The SIL is a hemisphere that is image-centered, so light rays are not refracted at the SIL surface. Inside the SIL, the wavelength of the light is reduced, and a focused spot is produced that exhibits full-width at 1/e 2 spot size s of approximately s = λ/N A EFF , where N A EFF = n sin θ m , n is the refractive index of the SIL and θ m is the marginal ray angle inside the SIL. Reflected light is collected by the objective and directed to the detectors. Systems recently reported include a GaP SIL with N A EFF = 1.98 that was used with λ = 690 nm laser to produce s = 328 nm, 3) and another system that used λ = 405 nm and N A EFF = 1.5 to produce s = 270 nm. 4) Aperture probes were introduced to optical storage by Betzig et al. in 1992. 5) In the Betzig design, an optical fiber is drawn to a small diameter of typically 100 nm. The fiber is coated with Al at the probe tip, with only a small hole at the aperture. The Al absorbs the exponential tail of the waveguide mode. Betzig's instrument was used to write 60 nm domains in magneto-topic material, but suffered from very low efficiency (∼10 −5 ), so the data rate was not comparable to commercial optical disks. Recently, new aperture designs promise higher throughput, but data rate for a single aperture is still very low. 6) An optical system that combines a SIL with an aperture exhibits certain advantages. The spot size s is mainly determined by the aperture size. Optical efficiency is greatly im- * E-mail: milster@arizona.edu by an objective lens onto a moving recording layer. The SIL, which is in near contact with the recording layers, reduces the wavelength by a factor of n and produces a small spot size. Reflected light is collected by the objective lens and directed to the detectors. The angular range of collected information is determined by the SIL, the objective lens, and the detector.
proved over the aperture alone, because the light spot illuminating the aperture is smaller than is possible with fiber-based or far-field illumination. A second fundamental advantage of the combination probe is in the detection process. In order to understand this improvement, consider the aperture-only system, where poor contrast is a result of the collection system not gathering enough spatial frequency information. As explained in the next section, the SIL-aperture combination provides a dramatic improvement in this regard. The following sections provide discussion on our fabrication techniques, experiment and conclusions from this work.
Detection
In order to understand a fundamental advantage of combining an aperture with a SIL, we review the detection process in terms of a simple scalar model. Figure 2 shows the detection process of the DVD system as an example. A profile of the focused spot h(x, y) exhibits a spot size s. light angular spectrum contains overlapping orders of diffraction. As the mark pattern m(x − x s ) moves under the focused spot with displacement x s , the phase of the ± orders change relative to the phase of the zero order. The resulting changes Table I . Illumination conditions for FDTD aperture simulation.
in the interference pattern produce modulation in the overlap areas. The size of the stop and the size of the detector determine the range of the collection area in which the modulation is detected. In DVD optical data storage systems, the collection area is equal to the width of the zero diffraction order. Now we consider a SIL system. The angular spectrum for a SIL with N A = 0.6, n = 2 and N A EFF = 1.2 is shown in Fig. 3(a) . The direction cosine axes are multiplied by n, because the light spot focuses inside the SIL material. Notice that the diffracted orders are spread far in direction cosine space, because the mark period T is only λ/2. In this case, there is little overlap and low contrast. However, the collection area for the detector gathers all the modulation. Figure 3 (b) shows the angular spectrum for an aperture system where the hole diameter is λ/4 and T = λ/2. In this case, there is more overlap than in Fig. 3(a) . However, the amount of modulation passing through to the collection area is only a small percentage of the total modulation. Therefore, contrast is low, and detection is difficult. Figure 3 (b) illustrates a common problem with all apertureprobe systems. That is, the collection area is smaller than the angular range of the modulation. For example, a fiber-optic illumination system with a small hole in the end of the fiber will produce a modulation over a wide angular range, but the collection area is limited due to the N A of the fiber. Therefore, when the fiber is used to collect the reflected light, much of the modulation is lost. The high angular-frequency information simply does not propagate down the fiber to the detector. As a simple rule-of-thumb guide, the percent of overlap in the collection area should be at least 20% for reliable data recovery. Figure 3 (c) shows the angular spectrum of the combination SIL-aperture system. Figure 3(c) is similar to Fig. 3(b) , except the collection area is much larger. Therefore, higher contrast and signal-to-noise ratio is achieved with the combination probe. A fundamental advantage of the SIL in combination with the aperture probe is that the contrast of the signal is greatly improved over using the aperture alone.
Fabrication of Combined Probes
We use two different fabrication techniques, one to fabricate the metallic apertures, and one to fabricate the dielectric apertures. The motivation and design for each aperture and a description of each fabrication process is provided in the following sections.
Metallic aperture
A finite difference time domain (FDTD) 7) simulation using commercial software was used to predict the behavior of various aperture shapes. The vector illumination field is determined with OPTISCAN 8) and ported to the FDTD software. The illumination system for the apertures is shown in Table I . Light distributions are analyzed on observation planes in air at 30 nm and 100 nm past the bottom of the apertures.
Four shapes are considered, as shown in Fig. 4 . The smallest shape, Aperture A, is a circular hole approximately λ/4n in diameter. Aperture B is about λ/3n in diameter, Aperture C is a rectangular hole that is λ/4n × λ/3n, and Aperture D is a rectangular hole that is λ/3n × λ/2n. The rectangles are aligned with the short side in the direction of the primary incident polarization. We found that this orientation maximized throughput and minimized spot size. The Al metal layer is 100 nm thick, except in the area of the aperture.
Detailed results from the FDTD study are shown in Table II , where the peak irradiance, x-profile spot size and yprofile spot size are listed for each observation plane and for each aperture. The result for a SIL without an aperture is also displayed in Table II , where the spot is focused at the bottom of the SIL. Apertures A and C exhibit a dramatic reduction in the peak irradiance for both observation planes. Somewhat surprisingly, Aperture A exhibits a spot size that is equal to or greater than the spot size with the SIL alone. Aperture B exhibits higher throughput than Aperture A, and the spot size is significantly smaller. Aperture C exhibits the smallest spot size for the y profile in Plane 1, but the spot size in the x profile is not significantly improved over Aperture B. The best aperture is Aperture D, which exhibits high throughput and small spot size in both observation planes. The results of Table II suggest the interpretation of Fig. 5 . Small holes, while producing the highest resolution nearest to the aperture, exhibit energy distributions that diverge rapidly. Large holes exhibit energy distributions that do not diverge as rapidly. Therefore, the spot size in an observation plane some fixed distance from the aperture may actually be smaller for the large aperture. In optical recorders, there is always some separation between the aperture and the recording layers, which implies that an optimum hole geometry exists for each application, depending on the laser wavelength and type of SIL geometry used.
The fabrication process for our metallic apertures is shown in Fig. 6 . First, a 2 µm thick SiN membrane is fabricated. Next, 100 nm of Al is deposited on the membrane. An array of small rectangular holes are then cut into the Al. 10) Finally, the SIL is attached to the back side of the membrane. The SIL is then detached from the membrane and mounted on a mechanical carrier for experiments. A partial image of the array along with a close view of one aperture is shown in Fig. 7 . The rectangular shape is well preserved, except for a small elongation on one side. Also shown in Fig. 7 is a picture of the combination SIL-aperture probe with the aperture array illuminated with a red laser beam.
Dielectric aperture
Another type of combination probe can be fabricated using only dielectric material. The advantage of using a dielectric probe tip is that there is no absorption, unlike with the metal- lic aperture. Detailed design considerations of the dielectric probe are discussed in another publication.
11) The optimized geometry is shown in Fig. 8 . Probe tips are fabricated directly on the bottom of a hemispherical SIL. The top of each tip is approximately 0.8λ/n in diameter. The narrow end of the conically shaped tip is 0.5λ/n in diameter. The length of the tip is approximately 320 nm.
Fabrication of the dielectric probe tips is illustrated in Fig. 9 . First, the SIL is placed in a precision hole cut in a carrier glass and glued in place. The flat side of the SIL is flush with the carrier. Next, the carrier/SIL combination is coated with photoresist and exposed holographically with a crossed grating pattern. The period of the grating is adjustable. In our first experiment, we use a 400 nm pitch grating in each dimension. The exposed resist is developed, which leaves a regular array of bumps on the surface of the SIL. Next, an ion mill etches the glass to form the array of conically shaped tips.
Experiment
The first experiments with combined probes consist of using a modified inversion microscope with a red laser at λ = 690 nm. The optical parameters for the SIL include sin θ m = 0.5, n = 1.85 and N A EFF = 0.93. The spot size of the optical system without the SIL is approximately s = 1.38 µm, and the spot size with the SIL is approximately 0.75 µm. A simple 6.7 µm period chrome-on-glass grating with 50% duty cycle is the test object. The reflected light is measured by a simple silicon detector. The aperture probe array in the experiment is similar to the array shown in Fig. 9 , but the quality of the probe tips is not as precisely formed. The signal is collected as the grating scans across the fixed lens system.
Since the grating period is large compared to s, the signal from the detectors resembles a classic knife-edge scan, as shown in Fig. 10 . The solid curve represents the theoretical result for an aberration-free system with no SIL nor aperture. The circles indicate experimental data points. The dashed line shows the significant improvement with the SIL, as indicated by the increase in the slope of the line across one edge of the grating. The dotted line indicates further improvement with the combination probe, where the light spot is adjusted to illuminate the center of one probe tip. Since the optical system is fixed with respect to the scanning grating, the aperture position is adjusted by small displacements of the combination probe with respect to the focusing beam. The combination probe is adjusted until the sharpness of the edge is maximized. Surprisingly, the combination probe was not difficult to implement in the experiment. The light loss from the combination probe was only a factor of two compared to the SIL alone. In addition, the apertures are reasonably rugged, with no deterioration observed over the time span of the measurements. The average rise lengths and standard deviations of 10% to 90% rise lengths accumulated across approximately 100 scans are shown in Table III . A distinct improvement is observed with the combination probe when compared to the SIL alone or the grating in air.
Conclusions
Several aspects of a new type of near-field aperture are considered. When either a dielectric probe tip or a metallic aperture is combined with a solid immersion lens, the throughput of the probe tip and the detection of grating-like modulation patterns are improved compared to using an aperture alone. In addition, the spot size of the combination probe is smaller than when using a SIL alone. Optimum shape for the metallic apertures is rectangular, with dimensions of approximately λ/3n × λ/2n as determined by computer simulation. Optimum shape for the dielectric probe tips is conical with a base diameter of 0.8λ/n and a tip diameter of 0.5λ/n. Fabrication technologies for both the metallic aperture combination probes and the dielectric combination probes are discussed and implemented. Experimental results with a simple reflective grating scanned by a dielectric combination probe show an improvement in resolution when compared to the SIL alone. In addition, the dielectric apertures are found to be reasonably rugged. More work is under way to determine the resolution limits of combination probe technology.
